INTRODUCTION
Ins(1,4,5)P3 (InsP!3), a second messenger molecule generated by receptor-mediated hydrolysis of Ptdlns(4,5)P2 (PtdlnsP2), has been shown to mobilize intracellular Ca2+ in a wide variety of tissues [1] . In smooth muscle, such as that of the iris sphincter, activation of Ca2+-mobilizing receptors by appropriate agonists results in a rapid increase in InsP3 leading to rapid contraction of the muscle (see [2, 3] for reviews). Furthermore, treatment of the pre-contracted muscle with isoproterenol, a ,-adrenergic agonist, causes a rapid rise in tissue cyclic AMP (cAMP) level, a decrease in InsP3 level and relaxation of the muscle [3] . These findings on a cross-talk between the two second messenger systems suggest that phosphorylation of specific protein(s) in the InsP3-Ca2+ signal transduction pathway, via cAMP-dependent protein kinase A (PKA), are probably involved in the mechanism underlying relaxation in smooth muscle. While the precise loci for cAMP inhibition are still unclear, potential sites include phosphorylation of cell surface receptors, G-proteins, phospholipase C, InsP3 receptor and myosin light chain kinase (see [3] for review; [4] [5] [6] ). The activities of InsP!3 metabolizing enzymes may also be modulated by PKA. InsPJ is dephosphorylated to free inositol by a series of phosphatases [7, 8] or phosphorylated by a 3-kinase to generate Ins(1,3,4,5)P4 (InsP4), which functions synergistically with InsP3 to modulate Ca2+ fluxes in several cell types [9] . More recently we showed that while bovine iris sphincter InsP3 5-phosphatase can be phosphorylated by PKA and protein InsP3 3-kinase specifically phosphorylated InsP3 with an apparent Km of 0.56 ,uM and a Vmax of 2.5 ,umol/min per mg protein. The stimulatory effect of CaM was due to a change in Vmax and not in its Km. The enzyme was maximally active at pH 7.0-7.5. Phosphorylation of the purified InsP3 3-kinase with protein kinase A increased its activity; in contrast, phosphorylation with protein kinase C inhibited the enzyme activity. Treatment of the intact iris sphincter with isoproterenol or phorbol 12,13-dibutyrate resulted in stimulation of InsP3 3-kinase activity in the soluble fraction and this activation was preserved on SDS/PAGE and renaturation. These results indicate that the bovine iris sphincter contains a Ca-CaM-dependent InsP3 3-kinase which can be differentially regulated, both in vitro and in intact muscle, by protein kinases A and C. kinase C (PKC), such phosphorylation has no effect on the activity of the enzyme [10] . InsP3 3-kinase plays a pivotal role not only in terminating the effect of InsP3 on Ca2+ release but also in modulating Ca2+ homoeostasis [9] . This enzyme has been purified and characterized from several tissues including rat and bovine brain [11, 12] , human platelets 113, 14] and pig aorta smooth muscle [15] . In nearly all cases InsP3 3-kinase was found to be a Ca2+-calmodulin (CaM)-dependent enzyme. The control of InsP3 3-kinase by phosphorylation is at present unclear [9] .
With the exception of pig aorta [15] , very little work has been done on the characterization and regulation of InsP!3 3-kinase in smooth muscle. To further characterize InsP3 metabolism in the iris smooth muscle, a tissue in which agonist-induced breakdown of PtdInsP2 has been extensively reported [3, 16] [3H]Ins for 90 min. Following this, the muscle strips were washed four times with 3 ml of non-radioactive buffer and then placed in the same buffer. LiCl (10 mM) was added to each tube and incubated for 10 min. Following this, carbachol (10 ,uM) and/or isoproterenol (5 ,uM) were added to the experimental tubes and incubations continued for an additional 5 min. The incubations were terminated by the addition of 1 ml of ice-cold 10 % (w/v) trichloroacetic acid (TCA). The method used to extract and separate [3H]InsPs was as described previously [16] with the following modification. Briefly, the tissues were homogenized in 5% (w/v) TCA and the homogenate centrifuged. The supernatant was extracted with anhydrous diethylether and neutralized with NaOH. The water-soluble extract was applied to Dowex AG 1-X8 resin (formate form) and the resin washed with water to remove free [3H]Ins. Next Preparation of soluble and microsomal fractions from bovine iris sphincter muscle The method of homogenization and subcellular fractionation was essentially the same as described previously [18] . Briefly, the iris sphincter was cut and placed in buffer containing 2 mM Tris-HCI (pH 7.5), 2 mM MgCl2, t mM dithiothreitol (DTT), 0.5 mM PMSF, 2 ,ug/ml leupeptin and 4 ,ug/ml calpain inhibitor I and II (buffer A). The tissue (approx. 100 g) was minced with scissors and suspended in 6 vols. ofbuffer A. The tissue was homogenized in 4 x 30 s bursts, separated by 30 s intervals, using Super Dispax tissuemizer model SDT-182 (Tekmar Co.) at two-thirds of the maximal speed. The homogenate was centrifuged at 600 g for 15 min-The resulting supernatant was removed and then centrifuged at 110000 g for 60 min. This yielded a soluble fraction (supernatant) and a microsomal fraction (pellet). The microsomal fraction was suspended in the appropriate volume of buffer A, frozen in liquid nitrogen and stored at -70°C until use. The soluble fraction was processed for purification of InsP3 3-kinase as described below.
Purification of lnsP3 3-kinase from the soluble fraction
The method used for purification ofInsP3 3-kinase was essentially the same as described by Yamaguchi et al. [19] with some modifications. Unless noted otherwise, all purification steps were carried out at 4 'C.
Step 1: DEAE-cellulose anion-exchange chromatography. EGTA was added to the soluble fraction to give a final concentration of 0.1 mM and then applied to a DEAE-cellulose column (2.6 x 20 cm) equilibrated with buffer B (buffer A + 0.1 mM EGTA). The column was washed with buffer B until the A280 returned to the baseline. At this time, the protein was eluted with 800 ml of a 0-0.6 M linear gradient of NaCl in buffer B at 48 ml/h. Fractions (8 ml) were collected and assayed for InsP3 34kinase. The fractions containing the enzyme activity were pooled and dialysed against buffer A.
Step 2: CaM-agarose affinity chromatography. The method for CaM-agarose affinity chromatography was essentially the same as described by Lee et al. [11] . Briefly, to the dialysed sample from the previous step, CaCl2 was added to a final concentration of 7 mM and then applied at a flow rate of 24 ml/h to a CaMagarose affinity column (2.5 x 5 cm) equilibrated with buffer C (buffer A+0.5 mM CaCl2). The column was washed at a flow rate of 36 ml/h by successive application of 70 ml of buffer A containing (1) 0.2 M KCI, (2) 1 mM EGTA and (3) 1 mM EGTA + 0.1 % Chaps. InsP3 3-kinase was eluted with buffer A containing 1 mM EGTA and 0.2 M KCI. The fractions containing the enzyme activity were pooled, dialysed against buffer A and concentrated to 2 ml.
Step 3: HPLC chromatography on a Mono-Q column. The concentrated sample was injected at a flow rate of 1 ml/min into a Mono-Q column equilibrated with buffer A. The proteins were eluted by sequential application of a two-step linear gradient of NaCl at a flow rate of 1 ml/min: (1) from 0-0.7 M for 70 min and (2) from 0.7-1.0 M for 10 min. Fractions (1 ml) were collected and assayed for InsP3 3-kinase activity. The fractions containing the enzyme activity were pooled, concentrated to 0.5 ml, frozen in liquid nitrogen and stored at -80 'C for several days.
Gel electrophoresis SDS/PAGE was carried out on fractions collected during various stages of purification according to the method of Laemmli [20] using 12 % polyacrylamide running gel. The protein bands were visualized with Coomassie Brilliant Blue. To assay for InsP3 3-kinase activity in different protein bands, the method of D'Santos et al. [21] was used. Briefly, the purified InsPJ 3-kinase was electrophoresed without boiling on 12% polyacrylamide gel (12 cm). To regenerate the enzyme activity, the gel was cut into 0.5 cm slices and each slice was homogenized and suspended in 0.2 ml of buffer consisting of 4 mM Hepes/NaOH (pH 7.5), 0.1 % Triton X-100, 12 mM 2-mercaptoethanol and 25 % sucrose. After 16 h of incubation at 4°C, the samples were centrifuged and the supernatant assayed for InsP3 3-kinase activity in a reaction mixture that contained 0.1 % Triton X-100. Protein concentrations were determined by the method of Lowry et al. [22] .
Phosphorylation of InsP3 3-kinase by PKA and PKC Phosphorylation of InsP3 3-kinase by PKA or PKC was performed according to the method of Lee et al. [11] with a minor modification. Briefly, the purified enzyme (120 ,ug of protein) was incubated at 30°C in a total volume of 120 u1 of buffer that contained 20 mM Tris-HCl (pH 7.5), 50 mM NaCl, 80,M EDTA, 1.6 mM NaN3, 3 mM MgCl2, 3 mM DTT and 10 i.u. of catalytic subunit of PKA. The reaction was started by the addition of 150 ,uM ATP (final concentration). After 30 min of incubation, the InsP3 3-kinase activity was immediately assayed using 30 ,ul of the phosphorylation reaction mixture as described above. The experimental conditions for PKC-dependent phosphorylation were the same as that for PKA phosphorylation, except that the phosphorylation buffer contained 20 mM Tris-HC1 (pH 7.5), 10 mM MgCl2, 0.4 mM CaCl2, 150 uM ATP, a sonicated suspension of 10 ,ug of phosphatidylserine and 2 ,ug of diacylglycerol, and 15 ,ug of PKC. To determine the extent of protein phosphorylation by PKA and PKC, the reaction was started with 50 ,M [y-32P]ATP (final concentration: 80000 d.p.m.). At the end of incubation, suitable aliquots of the reaction mixture were subjected to SDS/PAGE and the phosphorylated InsP3 3-kinase protein band (50 kDa) visualized by autoradiography.
Effect of isoproterenol and phorbol 12,13-dibutyrate (PDBu) on InsP3 3-kinase in intact iris sphincter To investigate whether incubation of the iris sphincter with isoproterenol or PDBu has any effect on InsP! 3-kinase activity, the muscles were incubated at 37°C for 30 min in the presence and absence of 5 #tM isoproterenol or 0.2,M PDBu in KrebsRinger bicarbonate buffer (pH 7.4). After washing the sphincters three times with buffer A that contained 0.5 fM microcystin-LR (a phosphatase inhibitor), the tissues were homogenized in the same buffer. The soluble fraction was subjected to SDS/PAGE by the method of D'Santos et al. [21] . The protein band corresponding to 50 kDa was cut and processed for assaying InsP! 3-kinase activity as described above. [2, 16] . To investigate whether InsP4 is also generated under these conditions, and if so, whether the level of InsP4 is also affected by carbachol and isoproterenol, we analysed the tissue InsPs on AGI x 8 anion-exchange resin using higher concentrations of ammonium formate. In the unstimulated tissue, approx. 20% of the total radioactivity in InsPs was recovered in InsP2, InsP3 and InsP4. Of this about 6 % was found in InsP4 (results not shown). As shown in Table 1 , when carbachol was added to the tissue, the radioactivities in InsP3 and InsP4 were increased by 86 and 32 % respectively. Isoproterenol alone had no effect on InsP., and InsP4. However, when added to the iris sphincter in the presence of carbachol, isoproterenol decreased the radioactivity in InsP.
RESULTS
by 30 % and increased that of InsP4 by 41 % as compared with the control. The data clearly indicate that in this tissue, in addition to InsP3, carbachol also stimulates the production of InsP4, albeit to a lesser extent. Furthermore, isoproterenol alters the level of InsP, and InsP4 in a reciprocal manner in this muscle.
PurMcation of InsP3 3-kinase
Of the total InsP!' 3-kinase activity in the tissue homogenate about 90% was localized in the soluble fraction and the remainder was associated with the membrane fraction (results not shown). The specific activity of the enzyme in the soluble fraction was also about twice as high as that of the membrane fraction. Therefore, we have employed the soluble fraction for the purification of InsP3 3-kinase.
When the EGTA-containing soluble fraction was applied to a DEAE-cellulose column and then washed with a 0-0.6 M linear gradient of NaCl, two major, broad protein peaks emerged from the column (Figure la) . When InsP3 3-kinase was assayed in different fractions, the enzyme activity was found to elute between 0.1 and 0.2 M NaCl as a single peak. The fractions comprising the peak were pooled, CaCi2 was added and then they were subjected to CaM-agarose affinity chromatography. As shown in separated from the other two protein peaks eluted from the column. The fractions containing InsP3 3-kinase activity were pooled and then further purified on a Mono-Q HPLC column. Two sharp protein peaks followed by a broad peak were eluted when the column was washed with a linear concentration gradient of NaCl (Figure lc) (Figure 2a, lane d) . Additionally, there were a few faint bands mostly in the higher molecular mass region. To determine which of these protein bands contained InsPJ 3-kinase activity, the gel was cut into 0.5 cm slices, the proteins were eluted from the gel and assayed for the enzyme activity. As shown in Figure 2 (b), the enzyme activity was localized entirely in the 50 kDa protein band. None of the other protein bands, including the one corresponding to 135 kDa, showed any enzyme activity.
To determine the specificity of the purified InsP3 3-kinase, the reaction products of the enzyme assay were analysed by HPLC. As shown in Figure 3 , when 3H-labelled InsP3 was incubated with the purified enzyme in the presence of 5 Substrate-velocity relationships InsP., 3-kinase activity increased as a function of substrate concentration ( Figure 5 ). In the presence of 50 nM CaM, the apparent Km for InsP3 was 0.56 ,uM and the Vmax 2.5 4umol/min per mg of the purified enzyme protein. In the absence of CaM, the Km was not changed; however, the Vmax was decreased to 3-kinase under standard assay conditions. As shown in Effect of phosphorylation by PKA and PKC on InsP3 3-kinase activity purmfled from bovine iris sphincter An autoradiogram of a representative experiment following phosphorylation of InsP)3 3-kinase is given in Figure 6 (a), and Figure 6 (b) shows the effect of protein phosphorylation on the enzyme activity. As can be seen from this Figure, when Table 4 , InsP3
3-kinase activity in the soluble fraction of isoproterenolpretreated tissue was increased by 60 % over that of the control. Similarly, the enzyme activity in the soluble fraction obtained from iris sphincter pretreated with PDBu was increased by 36 %. This is in contrast with its effect on the activity of the purified InsP3 3-kinase ( Figure 6 ).
DISCUSSION
The addition of carbachol to the iris sphincter muscle increases the accumulation of InsP), InsP2, InsP3 and Ins(1,3,4)P3 [16] . The data presented here demonstrate that carbachol also increases the level of InsP4 in this tissue (Table 1) . We found that the iris sphincter InsP3 3-kinase can be regulated by PKA and PKC, both in vitro and in the intact muscle. Previous efforts in our laboratory to demonstrate an effect of protein phosphorylation on phospholipase C [18] and InsP3 5-phosphatase [10] in this tissue were unsuccessful. This finding supports the conclusion reached by others that InsP3 3-kinase is a key regulatory enzyme in InsP3 metabolism [7] [8] [9] . In most tissues, including the iris sphincter, InsP3 3-kinase and InsP3 5-phosphatase are predominantly localized in the soluble and microsomal fractions respectively [7, 10] . In the present study the 3-kinase was purified from the soluble fraction of the iris sphincter muscle by 114-fold through a combination of DEAEcellulose, CaM-affinity and Mono-Q anion-exchange chromatography. The enzyme was tightly bound to the CaM-affinity column in the presence of CaCl2 and was effectively eluted by an EGTA-containing buffer (Figure lb) , indicating an interaction between the Ca-CaM complex and the enzyme. Direct evidence for the requirement for CaM in the activation of InsP3 3-kinase was demonstrated when in the absence of Ca2+ and CaM the enzyme showed little activity and addition of CaM to the assay mixture stimulated the enzyme activity several-fold (Figure 4 ). [24] reported that the amino acid sequence from Ser-156 to Leu-189 of the enzyme is involved in CaM binding and that the catalytic domain is localized at the C-terminus of the molecule. [25] , human platelets [13] and pig skeletal [26] and aorta smooth muscle [15] .
Although, the specific activity of InsP3 3-kinase in the iris sphincter homogenate is almost the same as that reported previously for InsP3 5-phosphatase [10] , the Km for InsP! for the 3-kinase is several-fold (0.56 ,uM, Figure 5 ) lower than that for InsP' 5-phosphatase (89,M [10] ). Higher affinity for InsP!, 3- kinase has been reported in other tissues [7] . Since 2,3-diphosphoglycerate, an inhibitor of InsP! 5-phosphatase, was used in the InsP3 3-kinase assay, the calculated Km value is probably not an over-estimation of its affinity. These data suggest that under physiological conditions, conversion of InsP, into InsP4 in the stimulated iris sphincter is probably the preferred route for InsP, metabolism. The data obtained from analysis of the InsP. 3-kinase reaction products by HPLC ( Figure 3 ) and those obtained from the substrate specificity studies (Table 3) suggest that the purified iris sphincter enzyme is a 3-kinase which phosphorylates the 3-position of Ins(1,4,5)P, to produce Ins(1,3,4,5)P4.
Through molecular cloning, InsP! 3-kinase has been shown to exist in several isoforms. cDNAs encoding the rat brain [27, 28] and two human brain InsP3 3-kinase isoenzymes, InsP3 3-kinase-A and InsP! 3-kinase-B [29] , have been cloned. The molecular mass of InsP! 3-kinase has been reported to vary from 114 to 36 kDa in different tissues. In pig aorta smooth muscle the enzyme activity was found to be in a 93 kDa protein [15] . Analysis of the iris sphincter InsP! 3-kinase by SDS/PAGE revealed that the enzyme activity is associated with a single protein band corresponding to 50 kDa (Figure 2) , suggesting that the enzyme was not degraded by proteases during the purification procedure.
An interesting aspect of the present work is the finding that phosphorylation of purified InsP! 3-kinase by PKA or treatment of the iris sphincter with isoproterenol leads to increased production of InsP4 and to activation of InsP! 3-kinase in the soluble fraction ( Figure 6 and Table 4 ). Activation of the enzyme by isoproterenol or PDBu in the intact tissue is preserved on SDS/PAGE and renaturation, thus demonstrating the stability of this modification by phosphorylation (Table 4 ). The observation on the stimulatory action of isoproterenol supports our previous finding in which we reported that cAMP-elevating agents inhibit carbachol-induced InsP, accumulation and muscle contraction [3] . These data suggest that one mechanism by which isoproterenol may induce muscle relaxation is through PKAmediated phosphorylation of InsP! 3-kinase, resulting in increased enzyme activity. This would result in increased conversion of InsP3 into InsP4, thus reducing the amount of InsP! available for the Ca2+ release necessary for muscle contraction.
These findings are in agreement with the reports that InsP3 3-kinase, purified from rat brain, was phosphorylated by PKA, resulting in about a 2-fold increase in its activity [30] . In permeabilized hepatocytes, dibutyryl cAMP alone had no effect on InsP, 3-kinase, but when added in the presence of PDBu caused a significant increase in InsP! 3-kinase activity [31] .
Unlike PKA, PKC has been reported to exert differential effects on InsP! 3-kinase in vitro and in intact tissue. Thus, phorbol 12-myristate 13-acetate treatment ofJurkat cells resulted in about a 2-fold increase in InsP, 3-kinase activity, suggesting that phosphorylation of InsP!, 3-kinase results in increased enzyme activity [32] . However, when purified InsP, 3-kinase from rat brain [30] and human platelets [31] was phosphorylated by PKC there was a substantial decrease in its activity. In the present work, under conditions when the purified InsP! 3-kinase was directly phosphorylated by PKC, there was a 25 % decrease in its activity ( Figure 6 ). However, when the bovine iris sphincter was first treated with PDBu and then assayed for InsP!, 3-kinase in the cytosolic fraction, the activity of the enzyme was significantly elevated (Table 4 ). The mechanism for the differential effects of PKC on purified InsP!, 3-kinase and on tissue InsP3 3-kinase is not clear. It is possible that different sites in the enzyme are phosphorylated by PKC in vitro and in the intact muscle. The observed effect of PKC activation in the intact muscle could also be mediated through cAMP. Thus in bovine iris sphincter [33] , but not in rabbit sphincter [34] , PDBu treatment resulted in increased production of cAMP, decreased accumulation of InsP3 and relaxation of the muscle. There are several reports indicating that PKC activation in many tissues results in increased production of cAMP either by direct phosphorylation of adenylate cyclase or by inactivation of the inhibitory G-protein, G1, thus relieving the inhibitory effect of Gi on adenylate cyclase (see [35] for review). Therefore, the apparent increase in InsP3 3-kinase activity in the intact bovine iris sphincter by PDBu may not be due to its direct phosphorylation by PKC but probably to PKCinduced elevation of cAMP.
In conclusion, an InsP) 3 in smooth muscle relaxation, the precise mechanism by which isoproterenol inhibits carbachol-induced muscle contraction remains to be elucidated.
